The batch adsorption studies to assess the adsorption efficiency of citric acid modified pea peels (CAPP) for uptake of bismarck brown R (BB) and crystal violet (CV) from liquid phase were performed. The dyes uptake was found to increase with increase in agitation time, adsorbent dosage, temperature, solution pH and with decreasing initial dyes concentrations. The non-linear isotherm modeling revealed that Freundlich and Sips isotherm model correlated the data well indicating multilayer adsorption onto heterogeneous CAPP surface. Langmuir adsorption capacity, Q m for BB and CV was 5.37 and 17.61 mg/g, respectively. The separation factor, R L \ 1 and Freundlich constant, n [ 1 indicated favorable adsorption. The kinetic studies showed that the pseudosecond order rate equation correctly explained the adsorption process, supporting the adsorption of one dye molecule onto two adsorption sites, with intra-particle and liquid-film diffusion as the rate controlling steps. The negative values of DG°(-20 to 0 kJ/mol) suggested the spontaneous and physical adsorption. The positive DH°and DS°values suggested endothermic adsorption and increased entropy at solid-solution interface. The CAPP proved to be an inexpensive and efficient adsorbent for BB and CV removal from wastewater.
Introduction
The decolorization of colored effluents emanating from textile, paper and pulp, and tanneries is environmentally important as the color blocks the transmission of sunlight into the aqueous streams, which inhibit the growth of aquatic biota due to reduced photosynthetic action. Some of these dyes may be non-biodegradable and harmful to living organisms. Various physico-chemical technologies for dyes/metals removal from wastewater have been reported, which include electrocoagulation , photocatalytic degradation (Saleh and Gupta 2012) , and adsorption (Khan et al. 2015b; Khan and Nazir 2015) . Adsorption process is most preferred over other methods largely due to its cost-effectiveness, ease of operation, flexibility and simplicity of design, insensitivity to toxic pollutants and partly to the high quality treated effluent and non-formation of harmful substances. In recent years, various natural and agricultural materials (Khan and Singh 2010; Salleh et al. 2011; Khan et al. 2014b ) are reported for adsorptive removal of pollutants from liquid phase. However, the raw lignocellulosic wastes have limited applicability as adsorbents because of generally lower adsorption capacity, and release of soluble organic content in the treated water. However, their treatment with organic acids increases the carboxyl groups on the adsorbent surface, increasing the surface net negative charge which enhances the cationic dye adsorption (Gong et al. 2008; Sajab et al. 2011; Zou et al. 2012 ). In present work, the efficiency of citric acid modified pea peels (CAPP) for the removal of cationic dyes, bismarck brown R (BB) and crystal violet (CV) from aqueous solution was investigated. The objectives of the present work was to evaluate the adsorption capacity of CAPP towards maximum BB and CV uptake from aqueous solution, and to optimize various adsorption parameters influencing the adsorption process (contact time, initial BB/CV concentration, CAPP dose, pH, and temperature). The adsorption isotherm and kinetic parameters have been evaluated using non-linear regression method, which is considered to be better than the linear method (Ho 2006 ).
Materials and methods
Chemicals and reagents BB (CDH, New Delhi, India), CV (HiMedia, Mumbai, India) and citric acid (CA), NaOH and HCl (all Merck, Mumbai, India) were used as procured. The FTIR spectra of PP and CAPP were recorded with Perkin Elmer 3k spectrophotometer. Scanning electron micrographs (SEM) of the adsorbent was obtained using scanning electron microscope (JEOL, model 3300). The pH adjustment was done using NaOH or HCl solution (both 0.1 M). The initial and residual dye concentrations were determined with a UV-Vis spectrophotometer (Decibel, India).
Preparation of adsorbent
Pea peels (PP) were obtained from the Sabzi Mandi (Vegetable Market), Okhla, New Delhi, washed with water, oven dried at 70-80°C for 3 h, mechanically ground and sieved to 180 lm size. For modification (Gong et al. 2008; Khan et al. 2012 ) 20 g PP was mixed with 0.5 M CA solution in 1:12 ratio (PP: CA, w/v) and mechanically stirred for 30 min. The slurry was dried in an electric oven at 50°C. After 24 h, the temperature was raised to 120°C for 90 min when the thermochemical reaction between acid and pea peels was complete. After cooling, the CAPP was washed with distilled water, filtered and suspended in 0.1 M NaOH solution (200 mL). The suspension was stirred for 60 min, filtered, washed with distilled water to remove residual alkali, dried at 50°C in an electric oven, and finally sieved to less than 75 lm particle size.
Estimation of pH pzc of CAPP 0.01 M NaCl solution (50 mL) were placed into different 250 mL Erlenmeyer flasks with the initial pH i s adjusted between 2 and 10 by addition of HCl or NaOH (0.1 M). CAPP (0.2 g) was added to each flask and the suspensions were left to stand for 48 h. They were centrifuged, and the final pH f s of the solutions were determined. The pH pzc corresponds to the point where pH = 0 in the pH i vs. DpH plot (DpH = pH i -pH f ).
Adsorption studies BB and CV solutions (100 mg/L) were prepared in double distilled water. The experimental solutions of desired dye concentration (5-60 mg/L) were prepared by appropriately diluting the stock solution using double distilled water.
For adsorption experiments, dye solutions (20 mL) of desired concentration were equilibrated with a known amount of adsorbent in 50 mL conical flask for a predetermined time interval at constant temperature. After equilibrium was attained, the adsorbent was removed by centrifugation. The centrifugate was then analysed spectrophotometrically for the remaining dye concentration (C t ) at 450 and 590 nm for BB and CV, respectively. Kinetic studies were performed in the same manner using fixed adsorbent dosage and adsorbate concentration (5-60 mg/L) with varying contact time. For pH variation studies, the initial pH of the dye solutions (2-10) were adjusted with dilute HCl or NaOH solution. The effect of temperature was evaluated between 298 and 308 K. The amount of dye adsorbed (q e, mg/g) was calculated using Eq. (1):
where C o is dye concentration in mg/L before adsorption, C t is dye concentration at time t and m is the amount of CAPP (g/L of dye solution). The percentage adsorption was calculated from the relationship:
Results and discussion
Characterization of CAPP
The FTIR spectrum (Fig. S1 , Supplementary data) indicated the lignocellulosic composition of PP (Khan et al. 2014a) . A broad intense band at 3267 cm -1 is assigned to -OH stretching vibrations of hydroxyl groups (lignin). The C-H stretch band due to methyl group and -OCH 3 band due to methoxy group of lignin was observed at 2840 and 2920 cm -1 . The band at 1620 cm -1 may be attributed to C=C stretching vibration of lignin. The bands at 1420 and 1321 cm -1 may reasonably be assigned to C-H deform of CH 2 and syringyl ring breaking C-O stretch of phenol. The m(C-O) stretch band due to acetyl and phenolic groups is observed at 1290 cm -1 . The peaks at 1106 and 1009 cm -1 may be ascribed to C-O-C (antisym bridging) vibration in cellulose and hemicelluloses, and C-OH stretch vibration of the cellulosic backbone, respectively. After modification, the spectrum displayed peaks attributed to the presence of carbonyl groups at 1721 cm -1 and a broad peak due to carboxylic O-H groups at 2950 cm -1 (Gong et al. 2008) . Figure 1 illustrates the scanning electron micrographs (SEM) of CAPP, which showed a network of irregular grooves and ridges along with large number of pores that is considered helpful for the accessibility of dyes to the adsorbent surface. The SEM images of CAPP after adsorption of BB and CV exhibited accumulation of dyes on the edges of the rough surfaces as well as in the pores, which indicated that when the adsorption on the exterior surface reached saturation, the dye molecules entered into the interior CAPP pores.
Effect of adsorbent dose
The adsorptive removal of BB and CV by CAPP was studied by varying the amount of adsorbent while keeping the initial dye concentration, temperature (298 K) and pH (7.0) constant at different contact times. The results shown in Fig. 2 demonstrated that the rate of adsorption of dyes increased with increase in the CAPP mass before equilibrium was attained. As the CAPP dose was increased from 2 to 10 g/L the percent BB uptake increased from 58 to 88. Similarly, CV removal increased from 69 to 95 % when adsorbent dose was increased from 1 to 5 g/L. However, after optimum dosage (10 g/L for BB and 5 g/L for CV) no significant change in the % removal was observed and saturation occurred as a result of the decrease in equilibrium concentration of dye molecules per active sites of the adsorbent. The phenomena of increased dye removal with adsorbent dose might be due to the presence of abundant adsorbent surface sites for adsorption of dye molecules.
Effect of contact time
The effect of contact time was studied at constant initial dye concentration, temperature (298 K) and pH (7) with optimum adsorbent dose for the respective dyes as a function of time as shown in Fig. 3 . The percentage removal of BB and CV by CAPP increased from 56 to 88 and 58 to 95 when the contact time increased from 10 to 60 and 10 to 70 min, respectively before attaining equilibrium. Therefore, the optimum contact time was considered to be 60 and 70 min for BB and CV, respectively.
The observed trend in adsorption of dyes with contact time can be explained on the basis that initially large number of vacant surface sites was available for adsorption causing increase in adsorption with increase in contact time. The slower adsorption later may be result of decrease in the number of available vacant surface sites and increase in the repulsive forces between dye molecules adsorbed onto CAPP surface and in the solution phase. 
Effect of initial dyes concentration
The initial concentration of the adsorbate is an important parameter for adsorption studies because a given mass of adsorbent can adsorb only a fixed amount of adsorbate. The effect of initial dye concentration on adsorption was investigated at different initial concentrations of dyes with fixed adsorbent dosages at 298 K and pH 7. The results are shown in Fig. 4 . The percent dyes adsorption showed a general decrease with increase in initial concentration. With increase in initial CV concentrations from 10 to 50 mg/L the % removal decreased from 99 to 94. In case of BB a decrease in % removal from 96 to 87 was observed with increase in dye concentration from 5 to 30 mg/L. It was, therefore, inferred that surface saturation was dependent on the initial dyes concentration. The rapid rate of adsorption at lower initial concentrations might be due to the fact that initially sufficient numbers of adsorption sites are available for adsorption, making fractional adsorption independent of initial dye concentration. However, at high concentrations the number of available sites for adsorption became fewer and hence the percentage removal became dependent on initial concentration.
Effect of temperature
The adsorption capacity of an adsorbent is largely affected by temperature. The removal of the BB and CV were studied at three different temperatures 298, 303 and 308 K for solution of different concentrations. The results are presented in Fig. 5 . The extent of adsorption of the dyes was found to be temperature dependent. With increase in temperature from 298 to 308 K, the % adsorption increased from 83 to 89 for BB and 86 to 95 for CV, which suggested endothermic adsorption. The higher dye uptake with rise in temperature might be ascribed to decrease in escaping tendency of dye molecules from the adsorbent surface, change in pore size, and enhanced rate of intraparticle diffusion.
Effect of initial pH
The variation in the adsorption of the BB and CV onto CAPP with increase in pH of the solution (2-10) is shown in Fig. 6 . The % dye adsorbed increased from 75 to 92 and 73 to 99 with increase in pH from 2 to 10 for BB and CV, respectively. The pH of the solution primarily affects the degree of ionization of the dyes and the surface properties of the adsorbents. At pH below pH pzc (5.20), the surface of CAPP was positively charged and the adsorption of cationic dyes decreased due to the repulsive forces. At pH [ pH pzc , the CAPP surface acquired negative charge resulting in increased adsorption due to greater electrostatic attraction.
Adsorption isotherms
The equilibrium data for adsorption of dyes onto CAPP was modeled using non-linear Langmuir (1918) , Freundlich (1906) , Redlich-Peterson (1959) , Sips (1948) and Radke and Prausnitz (1972) isotherm models using SigmaPlot 13 software (Trial version):
where, Q m and b are the Langmuir saturation adsorption capacity and adsorption equilibrium constant, respectively, and C e is the equilibrium concentration (mg/L), K f and n are the Freundlich coefficients. K RP (L/g), b RP (L/mg) are the Redlich-Peterson isotherm constants, and g is the exponent. K s is the Sips adsorption capacity (mg/g), a s is the related to the energy of adsorption and b s is the exponent. The a R and , r R are the Radke-Prausnitz isotherm constants and b R is the exponent. The Langmuir adsorption isotherm is used to evaluate the saturation adsorption capacity and is valid when all the adsorption sites are energetically homogenous. The Freundlich model assumes non-uniform adsorption over the heterogeneous surfaces as well as multilayer adsorption.
The values of Q m and b, calculated from the non-linear Langmuir adsorption isotherms plots (q e vs. C e ) for BB and CV (Fig. 7) are tabulated in Table 1 . The calculated saturation adsorption capacity (Q m ) of CAPP for BB (5.37 mg/ g) was lower or comparable to that of other adsorbents, while for CV (17.61 mg/g) it was higher ( Table 2 ). The separation factors (R L ) were between 0.20-0.44 for BB and 0.35-0.33 for CV indicating favourable adsorption (Hall et al. 1966) .
Non-linear Freundlich isotherm plots for BB and CV at three temperatures (Fig. 8) with correlation coefficient R 2 = 0.986-0.999 indicated that the data obeyed the Freundlich isotherm model. The greater than unity values of n (1.54-1.73 for BB and 1.83-2.01 for CV) indicated that both dyes are favourably adsorbed onto CAPP. The K f value for BB and CV were between 0.88 and 1.36 and 3.07 and 6.27, respectively. Redlich-Peterson, a three-parameter adsorption isotherm, is used to evaluate whether the data follows Langmuir or Freundlich isotherm (Fig. S2, Supplementary data) . If the Redlich-Peterson exponent (g) is close to zero, the adsorption process follows Freundlich isotherm. If g is close to unity, the process obeys Langmuir isotherm. The values of K RP , b RP and g along with R 2 , sum of square error (SSE) and standard error (SE) are presented in Table 1 . The close to zero g values (0.349-0.420 for BB and 0.441-0.502 for CV supported that the adsorption process followed Freundlich isotherm model.
Sips adsorption isotherm, which is a combination of Langmuir and Freundlich isotherms, is better suited to describe adsorption onto heterogeneous adsorbent surface. It reduces to Freundlich isotherm at lower dye concentration, while at higher concentration it predicts the Langmuir equation indicating monolayer adsorption (Foo and Hameed 2010) . The Sips constants K s, a s and b s calculated from q e vs. C e plots (Fig. S3, Supplementary data) (Fig. S4, Supplementary data) are presented in Table 1 along with R 2 , SSE and SE. The values of b R between 0.37 to 0.32 for BB and 0.46 to 0.41 for CV suggested that the data conformed to Freundlich model.
Estimation of best fitted isotherm models
The best fit non-linear isotherm model was evaluated by error analysis (Fig. 9 ) using correlation coefficients (R 2 ), sum of square error (SSE) and standard error (SE). In twoparameter isotherms, highest R 2 value (0.996-0.999 for BB and 0.986-0.989 for CV) and lowest values of SSE (0.007-0.054 for BB and 0.543-0.889 for CV) and SE (0.037-0.104 for BB and 0.368-0.471 for CV) indicated that the Freundlich isotherm is most appropriate model. Among the three-parameter isotherms, Sips isotherm described the data better having highest R 2 (0.997-0.999 for BB and 0.985-0.996 for CV) and lowest values of SSE (0.007-0.110 for BB and 0.524-0.8868 for CV) and SE (0.019-0.035 for BB and 0.251-0.314 for CV). The Sips exponent was closer to zero than unity, which supported that the adsorption of dyes onto CAPP was more fitted to Freundlich than Langmuir model.
Adsorption kinetics
Lagergren's pseudo-first order (Lagergren 1998 ) and pseudo-second order (Ho and McKay 1998) models were used to fit the kinetic data. The pseudo-first order model assumes the adsorption of one dye molecule onto one adsorption site whereas in pseudo-second order model one dye molecule is adsorbed onto two active sites (Khan et al. 2015a ). The kinetic parameters were evaluated using nonlinear pseudo-first order (Eq. 8) and pseudo-second order rate equations (Eq. 9):
where q e and q t (mg/g) are the amount of dye adsorbed per unit mass at equilibrium and at time t, k 1 (1/min) and k 2 (g/mg/min) are pseudo-first-order and pseudo-second-order rate constants, respectively. The values of k 1 , k 2 and q e(calc) were obtained from nonlinear plots of q t vs. t at 298 K (Figs. 10, 11) , and are given in Table 3 together with R 2 , SSE and SE. A good agreement between q e(exp) and q e(cal) , together with higher R 2, and lower SSE and SE values for the pseudo-second-order kinetic model revealed that the kinetics of the adsorption process followed pseudo-second-order rate equation indicative of one dye ion occupying two adsorption sites.
When there is possibility of the diffusion of dye species into the interior pores of the adsorbent the intraparticle diffusion plays a significant role in controlling the kinetics of adsorption process (Eq. 10) (Weber and Morris 1963) .
where (k i ) (mg/g min 0.5 ) is the intraparticle diffusion rate constant and C i , is intercept, which gives an idea about the Fig. 9 Comparison of error analysis for non-linear isotherm models thickness of the boundary layer (larger the intercept greater the boundary layer effect).
If q t vs. t 0.5 plot is a straight line, which passes through the origin then the rate limiting step is solely due to intraparticle diffusion. When the plots do not pass through the origin, boundary layer control along with intraparticle diffusion is involved. The magnitude of k i was obtained from the slope of the straight line q t vs. t 0.5 plots (Fig. S5 , Supplementary data), and are listed-in Table 4 along with corresponding R 2 . The intraparticle diffusion plots showed multi-linearity indicating that adsorption occurred in two or more steps. The first sharper region in the intraparticle diffusion plot indicated the instantaneous external surface adsorption, which was completed within 50 min for BB and 60 min for CV. The second region is the gradual adsorption stage of intraparticle diffusion, which was attained in 60 min for BB and 70 min for CV. This implied that both the surface adsorption and intraparticle diffusion were likely to control the kinetics of the BB and CV adsorption.
The kinetic data was fitted into the liquid-film diffusion model in its linear form (Eq. 11) (Boyd et al. 1947) :
where, (q t /q e = F) is the fractional attainment of equilibrium and K fd is the adsorption rate constant. A linear plot of -ln(1-F) vs. t (Fig. S6 , Supplementary data) with zero intercept suggests that kinetics of adsorption process is controlled by the liquid-film diffusion. The liquid-film diffusion plots were linear but did not pass through the origin, which indicated that liquid-film diffusion did not solely determine the mechanism of the adsorption of BB and CV onto CAPP. The values of K fd and R 2 are given in Table 4 .
Thermodynamic studies
Thermodynamic parameters such as standard Gibbs free energy change (DG°), standard enthalpy change (DH°) and standard entropy change (DS°) were calculated using the following equations (Eqs. 12, 13): where, K c is the equilibrium constant (=C ae /C e ), C ae (mg/L) is the amount adsorbed on solid at equilibrium, T is the temperature in Kelvin, and R is the gas constant (J/molK). The values of DH°and DS°were determined from the slope and intercept of log K c vs. 1/T plots. The thermodynamic parameters DG°values were between -3.57 to -5.40 (kJ/mol) for BB and -4.70 to -7.82 (kJ/mol) for CV over the experimental temperature (298-308 K). However, an increase in the temperature led to a change in the DG°to more negative values suggesting that the adsorption was more spontaneous at higher temperature. The calculated DG°values between -20 to 0 kJ/mol confirmed the physiosorption of the dye molecules onto CAPP (Mahmoodi et al. 2010 
Conclusions
The removal of cationic dyes, BB and CV by CAPP was studied. The non-linear regression analysis of the equilibrium data for adsorption of BB and CV onto CAPP, using different isotherms indicated that Freundlich and Sips isotherm best fitted the data suggesting multilayer adsorption onto heterogeneous adsorbent surface. The R L values were in agreement with favourable adsorption process. Freundlich constant n [ 1 supported the favourable nature of adsorption. The DG°between the -20 to 0 kJ/mol indicated physical adsorption. The kinetics of the adsorption followed pseudo-second order model with the adsorption mechanism controlled by both liquid-film and intraparticle diffusion. The thermodynamic parameters indicated that the adsorption of dyes onto CAPP was spontaneous and endothermic. The positive values of the entropy change supported the increase in the randomness at the solid-solution interface. The results revealed that CAPP can be an effective and economically viable adsorbent for the removal of CV from aqueous solution.
